Abstract Background: Previous studies have shown significant agerelated changes in the first-order kernel of multifocal ERG (mfERG) responses. All of these reports were based upon ring averages across the retinal field. This study was carried out to determine age-related changes in the localized response and localized variability in the mfERG parameters: N1P1 amplitude, scalar product and implicit time of P1. Methods: MfERG recordings from 70 normal phakic subjects (ages 9-80 years) were analyzed with VERIS 4.8. Scalar product values (for each hexagon based on ring average templates) were obtained and analyzed for age-related changes. Statistical measures such as coefficient of variation (CV) and parameters of a linear regression model were applied. Pointby-point comparisons were made across hemifields. Results: Each localized response showed a significant aging effect either in scalar product or in N1P1 amplitude. The average decline of the response was~5% per decade, varying from 3.3% (peripherally) to 7.5% (perifoveally). The decline was significantly higher for the superior than for the inferior retina for amplitude parameters, corresponding to larger increases in P1 implicit time. The relative rate of change with age was similar for the nasal and the temporal retina. The average CV for all subjects at all locations was 29.4% (€4.1%). Conclusions: The localized approach revealed patterns of age-related change that were not apparent in the ring averages. Information about changes in discrete retinal areas with age should make the mfERG more useful in quantitatively monitoring progression of retinal disease.
Introduction
The multifocal electroretinogram (mfERG), developed by Sutter [53] and Sutter and Tran [54] , provides an objective non-invasive method for quick simultaneous functional testing of multiple locations in the retina [25] . As might be expected from full-field ERG analyses, it is now widely accepted that some of the mfERG components demonstrate a relationship with age [17, 19, 27, [37] [38] [39] 48] . However, most of these studies were based on limited sample sizes and limited age ranges [17, 27, 37, 38] . In addition, all published studies involved use of ring averages across the retinal field. The use of concentric ring averages is recommended in the guidelines for mfERG recording provided by the International Society for Clinical Electrophysiology of Vision (ISCEV) [35] as a useful way to summarize data. One advantage of this approach is the fact that noise contributions to the signal can be reduced substantially, but that comes at the expense of considerable loss of spatial resolution in detecting local abnormalities, especially in the peripheral rings [34] . With the concentric ring analysis an increasing number of stimulated areas towards the periphery would be averaged (e.g., with a 103-hexagon stimulation as recommended by ISCEV, the first two rings include 1-6 areas, while the outermost ring contains 42 retinal areas; Fig. 1 ). Therefore, even a pronounced localized abnormality in the outer ring that occupies one stimulated area will contribute just 2.4% of the total averaged response and may remain unnoticed if careful visual inspection of the derived trace array is not performed. More subtle abnormalities at the same location would be hard to detect even with visual inspection of the trace array.
Several retinal disorders can start as focal abnormalities, and, therefore, might be detectable by localized analysis of the mfERG. Such nosologic entities include hereditary central cone dystrophy, early stages of age-related macular degeneration, early stages of diabetic retinopathy or monitoring of retinal function in patients with chloroquine medication or other treatments. The capability of the multifocal ERG to reliably detect and track longitudinal changes in those conditions is still largely unexplored.
Our goal was to examine the localized response for each retinal location stimulated and to quantify age-related changes in retinal response topography. In addition, we determined the localized variability in the mfERG amplitude, timing and scalar product across age.
Methods

Subjects
The mfERG recordings from one, randomly chosen eye of each of 70 normal phakic subjects (ages 9-80 years) were analyzed [19] . The refractive errors of the subjects were in the range +4.0 to 6.0 diopters (Table 1) .
Retinal disorders or abnormal ocular media were excluded by evaluating the best-corrected visual acuity, slit-lamp examination, IOP measurement, direct and indirect dilated ophthalmoscopy and stereo fundus photography. Subjects were excluded if their fundus photos revealed more than five small (<63 m) hard drusen in the central retina, following the guidelines of the international classification system [4] and performed by a retinal specialist. All subjects had normal color vision when tested with the Neitz anomaloscope, the HRR pseudo-isochromatic plates, and the Farnsworth F-2 plate.
The tenants of the Declaration of Helsinki were followed and written informed consent was obtained after all procedures were explained. This study was approved by the Office of Human Research Protection of the University of California, Davis, School of Medicine.
The mfERG protocol
The protocol used was similar to the ISCEV guidelines for mfERG and was described in detail in this journal [19] . Briefly, the recording was made under room light conditions with a dilated pupil (d >6 mm). Correction of refractive error (between +6 and 6 D) was obtained using the refraction correction unit as part of the VERIS system (EDI, San Mateo, CA). The stimulus consisted of 103 hexagons. The flash intensity was 2.67 cd-sec·m -2 (200 cd·m -2 ), the intensity of the dark areas was <0.05 cd-sec·m -2 (<4 cd·m -2 ) and the frame rate was 75 Hz. Burian-Allen contact lens electrodes (Hansen Ophthalmic Development Laboratory, Iowa City, IA) were used as active electrodes. Standard m-sequence stimulation mode (m=14) was used, resulting in a total recording time of 3.38 min.
Data analysis
Data were analyzed with VERIS SCIENCE, version 4.8 (ElectroDiagnostic Imaging, San Mateo, CA). Two iterations of an artifact rejection algorithm were applied to the raw data. The scalar product obtained for each hexagon (0-80 ms) based on ring average templates [54] for the first-order kernel was used, without spatial averaging. In a separate measurement, first-order kernel N1P1 amplitudes (measured on the response density scaled regional traces divided by the stimulated area) and P1 implicit times were ob- (Fig. 1) . All data were analyzed in "field view" (corresponding retinal areas flipped upside down).
Theoretically it is possible that a relation could exist between saturation of the signal due to artifacts and age. In such a case, the artifact rejection routine could reduce the response amplitude more in older adults than younger adults, which may bias the data. To evaluate this possibility, scalar product data were analyzed twice, with and without the application of an artifact rejection algorithm. The percent difference between scalar product data values obtained by the two types of analyses failed to reveal a significant relation with age (r=0.064, r 2 =0.004, P=0.595), indicating that the artifact rejection algorithm did not introduce an age-dependent bias in the data.
Statistical analysis
Coefficient of variation for each hexagonal area was obtained for all subjects. A linear regression model of scalar product with age was applied to the entire sample using Sigma Plot 7.0 (SPSS, Chicago, IL). Parameters for these regressions were used primarily for descriptive rather than inferential purposes. Paired t-tests were used for comparisons between symmetrical areas in the upper and lower or nasal and temporal hemiretinae.
Results
Estimate of overall variation across the stimulated field
The mean coefficient of variation (CV) of the scalar product values for all subjects and all hexagonal areas was 29.2% (€3.9%). The distribution of CV was fairly homogeneous and consistent across the retina, except for a small region around the optic disc (three hexagonal areas: N-56, 66, 67), where the variability was considerably higher (>+2SD; for all other locations the variation was <2SD) (Fig. 2) .
The mean CV of the N1P1 amplitude was 27.5% (€2.5%). Two retinal areas around the optic disc (hexagons 56 and 66) and the most central area (hexagon 53) had higher variability (>+2SD).
The mean P1 implicit time across all areas was 28.4 ms (€0.5 ms). The variability of the P1 implicit time was much smaller than the scalar product or N1P1 amplitude. Thus, the mean CV was 6.62% (€0.85%). Local areas of increased variability included only two areas near the optic disc (hexagons 56 and 66).
Age-related change in scalar product
To test the variability in the age-related change of the retinal response around the fovea, a linear regression model was applied to the data from individual hexagonal areas contained within rings 2 and 3 (2-5 deg and 5-10 deg from the foveola, respectively; Fig. 1 and Table 2 ).
As evident from Table 2 , the estimate of the goodness of fit of the linear regression model (R 2 ) can vary by as much as~200% within the same ring (e.g., areas 41 and 53). In addition, the slope and the intercept of the linear regression can also vary substantially between individual areas (with a range of 54% for the slope and 160% for the intercept). Examples of scalar product values from different areas in rings 2 and 3 are shown in Fig. 3 .
The variation within the rings prompted an extension of the analysis to all hexagonal areas. With the exception of three areas (N-56, 66, 67), all individual locations were well fit with the linear regression model (F statistic P< 0.001). The estimate of the goodness of fit for the linear regression at each area is presented in Fig. 4 (left). Slope values (nV/deg 2 /year) for each location are presented in Fig. 4 
(right).
The slope and the intercept of the linear regression vary with location as illustrated in Table 2 . In this respect, a comparison of the age effect in two or more locations based solely on the comparison of the slopes of the scalar product regressions can be misleading. Therefore, we calculated the change with age in each area in relative terms (as percentage decrease). This approach has been used by others for estimating age effects on retinal cell populations [40, 41] and in other parameters [16] . As the percent change per year was less than 1% for all areas, it was considered more convenient to represent the change per decade instead. The relative change varied substantially (up to~77%) across the rings (Table 2) . Age-related change in N1P1 amplitude
The N1P1 amplitude exhibited a linear decline with age similar to that of the scalar product values across different retinal areas (Table 1) . As with the scalar product, there was substantial variability in the parameters of the linear regression model (up to 200% for R 2 , up to 65% for the slope, up to 144% for the intercept and up to 73% for change per decade). Again, as with the scalar product amplitude, all individual areas were well fit with the linear regression model (P<0.001), except for the same three areas (56, 66, 67) .
The similarity between N1P1 amplitude and scalar product change per decade values prompted a test of the correlation between the two parameters. The Pearson correlation coefficient between N1P1 amplitude and scalar product value for all subjects across all hexagons was 0.965. The distribution of the correlation coefficients for each hexagonal area is shown in Fig. 5 (right) . Except for a few responses from the nasal retina, there was a consistently high correlation between the parameters.
Despite the overall high degree of correlation in change per decade values, some regional discrepancies between both parameters remained. That prompted a point-by-point comparison of the relative change for both parameters (paired t-test). This comparison showed an overall faster decrease per decade of N1P1 amplitude with age than the scalar product (t=7.67, P<0.001). Scalar products are sensitive to changes in wave shape [54] and can therefore reflect age-related changes in both implicit time and response density.
Age-related change in P1 implicit time Implicit time P1 increased with age for most of the stimulated retinal areas. However, in 13 areas there was no significant linear relation with age. As shown in Fig. 6 , the relative change values vary from 0.7% to 2.2%.
Hemifield differences in age-related change of mfERG parameters
The topographical distribution of the slopes and percent change per decade for all areas (Figs. 3 and 4) suggests asymmetry between upper and lower areas. We tested the significance of these differences by a paired comparison of symmetrical areas along the horizontal meridian. Three were excluded from the analysis due to high variability. Three corresponding regions from the opposite hemifield were also excluded to maintain symmetry of comparison ( Fig. 2 and Fig. 7) . The same approach but for symmetrical areas along the vertical meridian was applied to test possible differences in age-related changes in areas of the nasal and the temporal hemifield.
The results of the paired comparison between different hemifields are presented in Tables 3 and 4 . The lower hemifield was characterized by higher regression coefficients, higher values for the slope, intercept and percent change (decrease) per decade than the upper hemifield. The relations between the temporal and nasal symmetrical areas are more complex. Thus, the slope and intercept were significantly higher in the nasal areas, but this was not reflected in significantly different percentage changes per decade.
Discussion
The present study revealed a well-defined linear correlation between age and N1P1 amplitude and the scalar product of the first-order kernel of the mfERG. This is in good agreement with previous studies for the same or similar parameters using ring average analyses [17, 19, 27, 37, 39] . Previous studies have demonstrated that the amplitude decline and latency increase with age could not be explained entirely by changes in optical factors (such as age-related change in pupil size and optical transmission of the lens), and, therefore, neural or metabolic factors should be considered [19, 27, 48] . Numerous works from different areas support the idea of a functional, morphologic and metabolic retinal age-related decline (see [44] for review). Thus, rod photoreceptor loss with age (3.7%-7.3% per decade) [13, 40] and decrease in RPE cell density (~3% per decade) [41, 56] and central retinal ganglion cell density (3%-5% per decade) [10, 23, 28] are all well documented for the central retina. Small were noted in the central retina in some studies [40] , but not in others [13] . Although the mfERG signal generated under the stimulation conditions in the present study is cone-driven [54] , there are extensive connections and interactions between rod and cone networks in the retina [5, 50, 51] , and, therefore, rod influence cannot be excluded. In addition to the cell density decreases, blood supply to the eye is reduced with age [32] . More specifically, it has been reported that retinal (6-11% per decade) [22, 46] and choroidal [14, 32] blood flow and the number of functioning choroidal arterioles [26] decrease in parallel with age. Increases in the diameter of the capillary-free zone [31] and some atrophy or occlusion of macular capillaries have also been reported [7, 52] . In addition, age-related decreases in global rod and cone photoreceptor high-intensity a-wave ERG responses [3] and peripheral (at 20 deg eccentricity) resolution for stationary and flicker gratings [1] have been described.
In contrast to all previous published work, we focused our analysis on localized age-related changes in mfERG components. Our results demonstrate considerable variation of different retinal regions with respect to variability of the response and characteristics of age-related change.
Thus, topographic properties of the retina have to be taken into account when establishing a normative database for clinical and research purposes and when tracking local changes in the response for early and discrete signs of pathology [20] .
Variability of the mfERG response
The mean overall variability (expressed as coefficient of variability) of the scalar product for all subjects and all areas was 29%. Mohidin et al. [37] reported the same CV for 90 healthy subjects with a smaller age range (18-52 years), while Penrose et al. [43] found a CV of 21% for 20 subjects ages 19-50 years.
The variability of the mfERG response was highest in a small peripheral area corresponding to the location of the optic disc. The fact that not only one, but three adjacent hexagonal areas (N-56, 66, 67 according to the VERIS numbering system) expressed high variability can be due to several factors. These might include intersubject differences in optic disc size [24, 45, 49] , slight differences in the relative position of the optic disc with respect to the fovea [18, 60] and/or interindividual differences in optic disc reflectivity [8] (which changes the contribution of stray light to the mfERG signal). Fixation instability can be an additional source of variation, although eye position was monitored constantly and recordings were interrupted at every detectable deviation. It is difficult to estimate beforehand the size and position of the optic disc relative to the pattern of the stimulus and its reflectivity.
Responses from these three areas should, therefore, be interpreted with caution or excluded from a detailed localized analysis.
The variability of the mfERG responses generated from the central retina outside the optic disc area was fairly homogeneous for most of the stimulated areas, but slightly higher around the fovea. This might be due to higher differences in maximal cone density among subjects, which can vary among age cohorts by about a factor of 3 [11, 29] .
The variability of P1 implicit time was considerably smaller than that of N1P1 amplitude or scalar product. We are not aware of reports of P1 peak time variability estimates in the literature, but similar findings were reported for the full-field ERG with lower variability for the cone b-wave peak time than the cone b-wave amplitude with age [2, 55, 57] .
Global age effect on N1P1 amplitude and scalar product
The present study supports and refines the results from previous studies [17, 19, 27, 48] demonstrating marked age-related change in the N1P1 amplitude and scalar product derived from the first-order kernel of the mfERG. The topography of the change with age for both parameters was similar. However, point-by-point comparison showed that, overall, the relative change per decade was faster for the N1P1 amplitude. As scalar product values reflect retinal activity over a longer time frame (0-80 ms compared to 14-28 ms for N1P1), it is conceivable that processes developing after the first 28 ms are somewhat more resistant to age-correlated change, possibly due to retinal mechanisms of adaptation [21] . Another reason is that the scalar product reflects information about both implicit time and amplitude and, therefore, the contribution of timing changes might diminish the overall age effect on the scalar product.
Global age-related change in P1 implicit time We found differences in the relations between age and P1 implicit time for different retinal locations within the stimulation pattern. For most of the locations there was a small but statistically significant linear increase of P1 implicit time with age. The average change per decade value was 1.2%, corresponding to an increase of~0.3 ms per decade, which is the same as that found by Seiple et al. using slightly different stimulus intensities [48] . Seeliger et al. [47] and Fortune and Johnson [17] , using slightly different recording conditions (see discussion by Gerth et al. [19] ), reported slightly larger increases of P1 implicit time per decade (0.4 and 0.7 ms). The increase of the S-and LM-cone full-field ERG b-wave implicit times was also slightly larger (0.6 ms and 0.8 ms per decade, respectively) [55] . However, the full-field ERG data are mass responses, and therefore, reflect more general aspects of overall retinal function compared to the localized mfERG responses. In addition, the state of adaptation and the stimulus rate differ substantially between the two tests, which might explain the faster age-related prolongation of retinal activity.
Two main conclusions arise from this analysis of the localized age-related changes in P1 implicit times. First, the calculated increase per decade for the regions where the linear regression model was significant was much smaller compared to the rate of digitization of the signal usually used in VERIS (0.83 ms between samples). That implies that with the currently used rate of digitization, an unequivocal increase in the implicit time can be determined only if the age difference is more than three decades. The second implication is that variation of the implicit time increase within the 103 stimulated areas was greater than expected. For example, in ring 5, the change per decade values can vary by as much as 300% (0.7-2.1) and in one location the increase was not linear (hexagon 34). A cautious and careful approach is needed if detection of subtle localized dysfunction or tracking of localized changes over time are among the goals of a clinical study involving the mfERG.
Hemifield differences associated with age
Superior versus inferior hemifield
The analysis of our data demonstrated clearly that the N1P1 amplitude and the scalar product from the superior retina was strongly correlated with age and decreased faster than the corresponding values from the inferior retina (P<0.001). Nagamoto et al. [39] (using lower mean luminance and fewer stimulating areas) demonstrated larger N1P1 mfERG amplitude in the upper retina, but they did not estimate the effect of age. Similarly, higher amplitudes of the pattern ERG were obtained from stimulation of the upper hemiretina [61] . Regional differences of neuronal cell distribution such as has been shown for rod photoreceptor [29, 59] and ganglion cell [9, 11] density, along with differential rates of age-related change, could have an influence on the mfERG signal. Incomplete digestion of rod outer segments and decreased function of the ABCA4 gene [36, 58] could lead to accumulation of lipofuscin in the RPE. In support of this topographic relation, it was demonstrated that retinal and RPE lipofuscin accumulation with age was slower in the inferior retina than in the superior retina [15] . Furthermore, the faster accumulation of lipofuscin in the superior retina and adjacent RPE could affect adversely the metabolic activity of both tissues and ultimately decrease the mfERG signal to a greater extent.
In addition to the accumulation of lipofuscin, it is possible that there is a relatively accelerated inner retinal loss in the superior retina compared with the inferior retina. It was reported recently that there is a preferential age-related loss of nerve fiber layer thickness in the superior sector of the peripapillary fundus [33] . This difference might be due to a lower mean blood flow in the superior retina and different vascular reactivity of the superior and inferior hemiretinae [6] .
Nasal versus temporal hemifield
The slope of the decrease with age for the scalar product, N1P1 amplitude and P1 implicit time in the nasal areas was higher than corresponding areas in the temporal retina. There have been no previous studies to examine such an effect. In general, P1 implicit times from the nasal retina were found to be longer than the ones from the temporal retina [39, 42, 47] . The source of this difference is unclear. One possible explanation might be that cone density is 40-45% higher in nasal than in temporal retina [12] , and the nasal retina in the macular region is thicker than the temporal retina [30] . The higher concentration of cellular elements nasally may influence the rate of aging in this part of the retina.
Despite the difference in aging of temporal and nasal implicit times, change per decade values were not different for the two hemifields. This finding underscores the complexities among relations between the three variables and the importance of analyzing them separately.
Summary
The profile of the rate of decrease with age for the scalar product and N1P1 amplitude does not match completely the profile of age change for the same parameters when analyzed by ring averages. Some retinal locations did not show a linear change with age for P1 implicit time. As with the amplitude and scalar product, there was considerable variation in rate of aging change within concentric rings. Symmetrical regions from the upper and lower central retina have different rates of change across age; the response from the upper retina decreases faster with age than the response from the lower retina.
In agreement with the ISCEV recommendations, establishing a normative base for mfERGs is necessary for analyzing clinical data. To detect localized abnormalities it would be beneficial to apply localized response analyses. However, care is needed when analyzing small localized changes or tracking localized changes over time, as there is considerable variability across the stimulated central retina. The mfERG response is highly variable for a small region around the optic disc (three hexagonal areas) and changes in this area should be either ignored or interpreted with caution.
